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ABSTRACT
We investigate the interplay between magnetic (B) field, gravity, and turbulence in the fragmentation
process of cores within the filamentary infrared dark cloud G34.43+00.24. We observe the magnetic
field (B) morphology across G34.43, traced with thermal dust polarization at 350 µm with an angular
resolution of 10′′ (0.18 pc), and compare with the kinematics obtained from N2H+ across the filament.
We derive local velocity gradients from N2H
+, tracing motion in the plane of sky, and compare with
the observed local B field orientations in the plane of sky. The B field orientations are found to
be perpendicular to the long axis of the filament toward the MM1 and MM2 ridge, suggesting that
the B field can guide material toward the filament. Toward MM3, the B field orientations appear
more parallel to the filament and aligned with the elongated MM3 core, hinting a different B field
role. Besides a large-scale east-west velocity gradient, we find a close alignment between local B
field orientations and local velocity gradients toward the MM1/MM2 ridge. This local correlation in
alignment suggests that gas motions are influenced by the magnetic field morphology or vice versa.
Additionally, this alignment seems to be getting even closer with increasing integrated emission in
N2H
+, possibly indicating that a growing gravitational pull is more and more aligning B field and gas
motion. We analyze and quantify B field, gravity, turbulence, and their relative importance toward
the MM1, MM2 and MM3 regions with various techniques over two scales, a larger clump area at 2
pc scale and the smaller core area at 0.6 pc scale. While gravitational energy, B field, and turbulent
pressure all grow systematically from large to small scale, the ratios among the three constituents
develop clearly differently over scale. We propose that this varying relative importance between B
field, gravity, and turbulence over scale drives and explains the different fragmentation types seen at
sub-pc scale (no fragmentation in MM1; aligned fragmentation in MM2; clustered fragmentation in
MM3). We discuss uncertainties, subtleties, and the robustness of our conclusion, and we stress the
need of a multi-scale joint analysis to understand the dynamics in these systems.
Subject headings: polarization- ISM: magnetic fields- ISM: individual objects (G34.43+00.24) - ISM:
clouds - stars: massive - stars: protostars - stars: formation
1. INTRODUCTION
Recent Herschel results show that molecular clouds
are mostly filamentary (Andre´ et al. 2013). One mech-
anism to form filamentary structures is through com-
pressive flows, where the filaments appear at the in-
terfaces where flows collide (for example, Ballesteros-
Paredes et al. 2007; Inutsuka et al. 2015). Molecular
clouds are both turbulent and threaded by magnetic
(B) fields which possibly explains the observed low star-
formation rate (e.g., Va´zquez-Semadeni 2015, and the
references therein). Depending on what the dominant
force is in shaping a cloud, fragmentation and dense core
formation will be different (e.g., Hennebelle & Chabrier
2011). B fields are recognized as one of the key com-
ponents in star-formation theories (e.g., McKee & Os-
triker 2007). Nevertheless, their exact role in the forma-
tion and evolution of molecular clouds is still a matter of
debate in the literature. Finally, it has been suggested
that local clouds often form hub-filament systems (My-
ers 2009), and star clusters are formed in the hub. In
order to test and constrain the formation mechanism of
filaments, observations of both magnetic field and gas
kinematics within a filament are crucial.
In order to understand how stars form within filaments,
studies of the environment and the structures of fila-
ments in their early stages - typically as infrared dark
clouds (IRDCs) - are essential. The G34.43+00.24 fil-
ament (hereafter G34) displays an elongated and fila-
mentary morphology with a length around 8 pc. The
distance of G34 is determined to be 3.59 kpc based on
the detected velocity of N2H
+ with respect to the stan-
dard of rest (Peretto et al., in prep.) and the Galactic
rotation model (Reid et al. 2009). G34 harbors multi-
ple cores, including G34-MM1 through MM9, that are
likely at different evolutionary stages (Chen et al. 2011).
Among these cores, MM2 has an associated UCHII re-
gion (Shepherd et al. 2004). There are outflows detected
originating from MM1, MM2, and MM3 (Sanhueza et al.
2010; Rathborne et al. 2008; Sakai et al. 2013), suggesting
that these three cores are active star-forming sites. The
overall star-formation efficiency for the entire G34 fila-
ment is about 7% (Shepherd et al. 2007). As suggested
by the same authors, the MM1 - MM2 ridge may be mag-
netically subcritical so that the onset of core contraction
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Fig. 1.— a: G34 from Spitzer at 24 µm (red), 8 µm (green) and 4.5 µm (blue) (IRSA data archive). The green boxes mark the regions
mapped with SHARP. The green pluses show the millimeter sources identified by Rathborne et al. (2006). b and c: Continuum emission
at 350 µm (grey scale) and polarization (red segments) detected with SHARC and SHARP on the CSO toward MM1 and MM2 (panel c)
and MM3 (panel b). The lengths of the polarization segments are scaled with the polarization percentages. d: Distribution of polarization
percentages for all cores, MM1, MM2, and MM3. e: Stokes I, normalized to the peak emission of Stokes I (Imax, the maximum in I
among all the three cores), versus polarization percentage P for all the combined cores. Blue filled circles and red pluses display the data
above 3σP and between 2 to 3σP, respectively. The black solid and black dashed lines are power-law fits to the data above 3σP and to
the combined data (blue and red), yielding indices −0.69 and −0.67, respectively. f: Distributions of polarization position angles (P.A.),
shown separately for the MM1/MM2 ridge and MM3. Note the clearly different prevailing orientations. The black dotted line and blue
dotted line are the P.A. of the major axis of the MM1/2 of 171◦ and MM3 of 41◦, respectively, from the dendrogram analysis of the gas
column density map derived from continuum emission (Peretto et al., in prep.).
and massive star formation is underway but was some-
what delayed. A recent study of the virial parameter α,
which quantifies the relative importance of the kinetic
support against gravity, toward G34 indicates very small
values, α ∼0.2, across the filament, except at the south-
ern and northern tips where α > 1(Foster et al. 2014).
This suggests that the filament is gravitationally bound.
Interestingly, two populations of stars are proposed to
form in a sequence where low-mass stars are formed first,
and then high-mass stars follow later (Shepherd et al.
2007; Foster et al. 2014). Combining the findings of low
star-formation efficiency and small virial parameter, ad-
ditional supporting mechanisms, such as the B field, are
likely present to slow down the star-formation process in
G34.
In order to study the impact of the B field on the G34
filament1 and its association with fragmentation, we ob-
served the dust polarization at 350 µm using SHARP on
the Caltech Submillimeter Observatory (CSO) in 2014
before its decommissioning. We report the observations
in section 2 and the results in section 3. The implications
of these results together with a gas kinematics analysis
in N2H
+ and a comparison with higher angular resolu-
tion polarization images are discussed in section 4. The
conclusion is given in section 5.
2. OBSERVATIONS
Polarimetric observations toward G34 were carried out
using the SHARP polarimeter on the Caltech Submil-
limeter Observatory (CSO). SHARP (Li et al. 2008) is a
1 Dust polarization at 850 µm with 14′′ resolution of the G34
filament also has been observed with POL-2/JCMT during the
revision of this manuscript. See Soam et al. (submitted) for details.
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Fig. 2.— B field map of the entire G34 filament from SHARP/CSO (overlaid on the Spitzer image as in figure 1a) in panel a, toward
MM3 in panel b, toward MM1 and MM2 in panel c. Contours in panel a denote the 1.2 mm continuum emission at 60, 90, 120, 240,
360, 480, 840, 1200, and 2400 mJy beam−1 (Rathborne et al. 2006). The contour in panel b and c marks the core region defined by the
dendrogram analysis of the gas column density map (Peretto et al. 2019, in prep.). Panels d-f display dust continuum (grey scale) and B
field segments (blue segments) observed with higher angular resolution for MM3, MM1 (Hull et al. 2014), and MM2 (Zhang et al. 2014).
The red segments show the B field detected with SHARP, as shown in panel b and c. In panels b-f, the dust continuum emission is shown
in grey scale with dark color being strong emission.
fore-optics module that adds polarimetric capabilities to
SHARC-II, a 12 × 32 pixel bolometer array used on the
CSO (Dowell et al. 2003). SHARP separates the incident
radiation into two orthogonal polarization states that
are then imaged side-by-side on the SHARC-II array.
SHARP includes a half-wave plate (HWP) located up-
stream from the polarizing splitting optics. Polarimetric
observations involve carrying out chop-nod photometry
at each of the HWP rotation angles. Each cycle requires
approximately seven minutes. For a detailed description
of the data analysis pipeline we refer to Chapman et al.
(2013). Observations toward G34 were carried out at a
wavelength of 350 µm with an effective beam size (θ) of
about 10′′, on June 19, 20 and 22, and on July 3, 4 and 5,
2014, with a zenith atmosphere opacity at 225 GHz be-
tween 0.04 and 0.11. The chop distance in cross-elevation
was 300′′. We observed the G34 filament with four point-
ings, where three pointings covered the main dust ridge
that surrounds MM1 and MM2, and a forth pointing
was on the northern millimeter (mm) peak MM3. The
pointing centers were at (α, δ) = (18:53:18.00, 01:25:25),
(18:53:18.75, 01:24:57.5), (18:53:19.5, 01:24:30) for the
MM1/MM2 ridge and (18:53:20, 01:28:15) for MM3.
The data were calibrated using the method described in
Davidson et al. (2011) and Chapman et al. (2013). The
polarization intensity shown in this paper has been de-
biased. The presented polarization results are gridded
to half (∼ 5′′) of the effective SHARP beam resolution.
We note that no absolute flux calibration was routinely
done during SHARP observations. The presented maps
of the continuum emission are, thus, all shown in relative
strength.
The N2H
+ J=1-0 observations of G34 were obtained as
part of a larger IRAM-30m dense gas survey of IRDCs
(Peretto et al., in prep., Peretto et al. 2015). At the fre-
quency of the N2H
+ J=1-0 transition, the IRAM-30m
telescope provides a resolution of 27′′. The 1σ noise (in
Ta* scale) is 0.1K per 0.16 km/s velocity channel and
per 9′′ pixel. The dense gas kinematics were extracted
by fitting the hyperfine structures of the N2H
+ line for
every pixel using the GILDAS HFS line fitting routine.
After visual inspection of the data cube, we concluded
that only a single velocity component was needed to fit
all positions in the cube. The results of this fitting are
the N2H
+ J=1-0 centroid and velocity dispersion maps
for G34, which form the basis for the kinematic analysis
presented in this paper. These maps are shown in fig-
ure 3. Spectra with a signal to noise ratio of less than 3
(estimated on the weakest of the HFS components) are
masked out. As a result, the centroid velocity map we
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present here is very robust, with a typical velocity un-
certainty ' 0.1 km s−1.
3. RESULTS
3.1. Dust Polarization at 350 µm wavelengths
The dust polarization intensity (IP) at 350 µm is
clearly detected and resolved in the cores MM1, MM2,
and MM3 of G34, in the fainter regions in between the
cores, and also in the outer and more distant periphery
toward the MM1 and MM2 ridge. Polarization orienta-
tions are shown in figure 1b,c. Thick segments denote
a polarization signal larger than 3σP, where σP is the
noise of the polarization signal, and thin segments indi-
cate data between 2 and 3 σP. The median uncertainties
in polarization orientations are 5.2◦ and 10.9◦ for the
data > 3σP and between 2 and 3 σP, respectively. Un-
weighted average and median polarization percentages
over all cores are 1.9% (2.4%) and 1.8% (1.9%) with stan-
dard deviations, maximum and minimum values of 0.9%
(2.0%), 6.9% (14.4%) and 0.4% (0.4%) for data above
3 σP and in parantheses when additionally taking into
account data between 2 σP and 3 σP. Distributions of
polarization percentage are approximately Gaussian cen-
tered around ∼ 2% with a tail extending to ∼ 10− 20%
(figure 1d). The largest polarization percentages P are
found in the faintest Stokes I regions, indicating that the
generally observed P−I anti-correlation also holds for fil-
aments, here with a power-law exponent (fit without any
weighting) around −0.7 (figure 1e). Generally, polariza-
tion segments display only small variations in position
angles (P.A.) between neighboring pixels. This is in par-
ticular the case around the MM1/MM2 ridge. Here, the
average polarization orientation is 162◦ with a standard
deviation of 14◦ (including all data above 2σP, figure 1f).
This average orientation is calculated by redefining the
few orientations between 0 and 40◦ to between 180◦ and
220◦. With this, a continuous distribution without data
across the 0◦/180◦-ambiguity is achieved. The overall
polarization orientation in MM3 is clearly oriented differ-
ently from MM1/MM2. Similarly redefining data yields
an average orientation of 111◦ with a larger standard
dispersion of 28◦.
We note that calculating averages of circular (cyclic)
quantities such as angles in the range between 0 and 360◦
or P.A. orientations between 0 and 180◦ is not well de-
fined. Simple arithmetic averaging is generally not cor-
rect due to the cyclic nature. Redefining distributions
as outlined above in order to avoid points of ambiguity
is possible for narrow or sufficiently confined distribu-
tions. One possible alternative approach is to convert
all angles to their corresponding locations on the unit
circle and then calculate the average of these locations
(for a complete reference on statistical analysis of circu-
lar data, see e.g., Fisher 1995). In this approach, angles
are interpreted as unit vectors. This approach is appro-
priate for broad distributions across points of ambiguity.
For a comparison, we have also derived averages with
this technique. In very good agreement with the above
results we find average orientations of 157◦ and 106◦ for
MM1/MM2 and MM3, respectively.
The inferred B field map – segments rotated by 90◦
with respect to the orientations of polarization – is shown
in figure 2. The long axis of the G34 filament is mostly
Fig. 3.— The centroid velocity (a) and dispersion (b) of the
detected N2H+ line in units of km s−1 in color and grey scale.
The contours denote the integrated emission of the N2H+ line.
along a north-south direction across the cores MM1 and
MM2. The B field across these cores is mostly perpendic-
ular to the filament’s axis, with a prevailing orientation
around 70◦. The MM3 core, oriented with its longer axis
about 40◦ off the north-south axis (figure 1f), reveals a B
field that is changing its orientation to close to parallel to
the core’s dust ridge (figures 2a and b). These different
B-field-versus-core orientations suggest different roles of
the B-field towards MM1/MM2 and MM3.
At pc scale, the dust polarization in G34 at wave-
lengths around 3 mm was observed with θ ∼ 17′′, de-
tecting 10 polarization segments around MM1 and MM2
by Cortes et al. (2008). At sub-pc scale, the B field to-
ward MM1, MM2 and MM3 was resolved with θ ∼ 1′′
with both the Sub-Millimeter Array (SMA) by Zhang
et al. (2014) and the Combined Array for Research in
Millimeter-wave Astronomy (CARMA) by Hull et al.
(2014). Comparing to the previous reported detections
of dust polarization toward G34 by Cortes et al. (2008),
the results reported in this paper reveal the same overall
B field orientations but a dramatically improved coverage
across and along the filament.
3.2. Connecting to Kinematics
In order to understand the impact of the B field on the
filament formation and to interpret the B field, we addi-
tionally extract kinematic information using the N2H
+
(1-0) line. The maps of the centroid velocity and the dis-
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Fig. 4.— Maps of local velocity gradient orientations in white
segments (panel a) and local B field orientations, averaged over 27′′
resolution, in white segments (panel b). Gas velocity is shown in
color scale in both panels. Contours denote the integrated emission
of the N2H+ line.
persion of the N2H
+ line are shown in figure 3. In terms
of kinematics, G34 presents also a very organized velocity
field throughout the 10 pc filament. Overall, the velocity
gradient is along an EW direction, consistent with mea-
surements in NH3 at a higher angular resolution of 3
′′
by Dirienzo et al. (2015). The local velocity dispersion
measured from N2H
+ is largest near the UCHII region
(i.e. MM2) and is smallest near MM3 (figure 3b).
We note that the measured velocity is along the line
of sight. In order to understand the gas motion across
the plane of sky, we computed the local gradients of
the line-of-sight velocity of G34. The velocity gradient
(∂vz/∂x, ∂vz/∂y) at each location is calculated by tak-
ing the differences of the velocities 2 pixels away from
that pixel on each side in both right ascension and dec-
lination, where 1 pixel is 9′′. We explicitly note that the
local gradient is the change of the line-of-sight velocity
vz (shown in color scale in figure 3a) in the plane of sky.
It is, thus, a quantity in the same plane as the local B-
field orientation. The results are shown as segments in
figure 4a. Histograms of position angles of local veloc-
ity gradients are shown in the upper panel of figure 5,
where the data within the map regions of figure 2b and
2c are extracted. The distributions peak around 85◦ and
80◦ toward MM1/MM2 and MM3, respectively. Note
that the prevailing orientation of the B field (section 3.1)
is around 70◦ and 20◦ toward MM1/MM2 and MM3,
respectively. Hence, local velocity gradients and local B
field appear to be closely aligned toward MM1/MM2 but
deviate more from each other toward MM3. For the be-
low comparison section 4.1 between the velocity gradient
and the B field, which is at a higher resolution θ ∼ 10′′,
the polarization orientations are arithmetically averaged
to match the 27′′ resolution of the N2H+ data. This
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Fig. 5.— Upper panel: Histogram of the position angles of
the velocity gradient orientations for data within the map sizes
shown in panels b and c of figure 2. Lower panel: Histogram of
P.A. differences between local B field orientations, averaged over a
27′′resolution, and local velocity gradient orientations, where the
two spatially overlap (panels (a) and (b) in Fig. 4). Due to the re-
sulting lower noise levels after averaging, all these data are > 3σP.
The histograms shows that these angles are mostly well correlated,
with differences in orientations below 20◦ for more than 50% of the
data.
lower resolution B field map is shown in figure 4b.
4. DISCUSSION
4.1. B-Field–Velocity-Gradient Alignment
As shown in section 3, an organized B-field structure
is detected along the entire filament and across all cores
with θ ∼ 10′′. The analysis of the N2H+ gas kinematics
suggests that the gas might be moving across the filament
in the East-West direction, based on the velocity gradient
analysis (see section 3.2).
We further compare these local orientations of the ve-
locity gradient vectors with the local orientations of the
large-scale B field (figure 4 and 5). We find that the local
differences between these orientations are small. More
than 50% of the data have a difference below 20◦. The
lower panel of figure 5 further illustrates this with a his-
togram of these differences with a mean (median) dif-
ference of 26◦ (20◦) over all three cores, and 24◦ (19◦)
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Fig. 6.— Upper panel: Map of the angle difference between local
B-field and velocity gradient orientations. Contours are the same
as in figure 3. Lower panel: Angle differences as a function of
integrated N2H+ emission. A clear trend is visible. With growing
emission the angle differences are decreasing, likely indicating that
an increasingly dominating gravity is aligning B field and velocity
gradient.
and 38◦ (31◦) for the MM1/MM2 region and MM3, re-
spectively. Thus, the local B field and the local velocity
gradients are closely aligned.
Additionally, we display the spatial distribution of the
differences of these orientations, covering MM1, MM2
and MM3 (figure 6). This map makes it evident that
the – already small – differences are not randomly dis-
tributed. Larger angle differences between velocity and
B-field are located mostly at the periphery of the fil-
ament. This can occur when the gravitational pull is
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Fig. 7.— Spatial distribution of the B-field-to-gravity force ra-
tio ΣB using the method developed in Koch et al. (2012a) toward
MM1 and MM2. The offset is with respect to (α,δ)=(18:53:18.75,
01:24:57.5). Contours denote the continuum emission at 350 µm.
Red segments are the B field detected with SHARP with polariza-
tion signal > 2σP.
TABLE 1
Parameters of the core area – 0.6 pc scale
Object M R NH2 nH2 ρ 4v
(M) (pc) (cm−2) (cm−3) (g cm−3) (km s−1)
MM1 875 0.29 14·1022 1.6·105 7.5·10−19 1.1±0.1
MM2 688 0.27 13·1022 1.6·105 7.5·10−19 1.4±0.1
MM3 417 0.42 4·1022 0.3·105 1.4·10−19 0.9±0.1
Note. — Columns are mass (M), radius (R), averaged gas column
density (NH2 ), mean gas number density (nH2 ), mean mass density
(ρ) within R, and velocity dispersion (4v).
starting to dictate the direction of the gas flow, but the
B-field (while dragged along and being bent) is still re-
sisting alignment. Small differences are probably seen
where gravity or external pressure is driving gas along
field lines, or simply where gravity has already aligned
gas flow and magnetic field. This first qualitative find-
ing is suggesting that the angle difference might be anti-
correlated with the integrated intensity of N2H
+, and
hence with column density (figure 6, lower panel). A
quantitative comparison between B field, turbulence and
gravity, which is discussed in the following subsections,
is required to further test the proposed scenario of inter-
preting the angle differences. In any case, our observa-
tions provide one of the first clear evidences of a direct
local correlation between the magnetic field orientations
and the observed velocity gradients at filamentary cloud
scale.
4.2. Magnetic Field, Gravity, and Turbulence on
Filament-to-Core Scale
What is the interplay between turbulence, magnetic
field, and gravity from the observed filamentary (∼ 8 pc)
scale down to the resolved scale of the MM1, MM2 and
MM3 cores (∼ 0.3 pc in radius)? Is any of the con-
stituents dominant, negligible, or are they equally impor-
tant? Can we assess their relative importance in shaping
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Fig. 8.— Polarization dispersion functions from the larger clump
areas of MM1, MM2, and MM3 from top to bottom, respectively.
All polarization detections above 2σP are included. The smallest
scales are a measure of turbulence. Quoted numbers for ∆φB in
Table 3 and 4 are the values at the smallest resolved scale around
10′′. The intercept (red fitted line at scale 0) quantifies the ratio
of turbulent-to-mean magnetic field
√
〈B2t 〉/B0 (Hildebrand et al.
2009). Vertical bars indicate statistical uncertainties after bin-
ning and propagating the original measurement uncertainties. The
small statistical uncertainties for MM1 and MM2 result from their
small sample variances. The much smaller number of detections in
MM3 leads to both a larger uncertainty and a much less regular
structure function.
smaller cores and fragmentation on the next smaller scale
(∼ 0.02 pc; panels d, e, f in figure 2)?
TABLE 2
Parameters of the clump area – 2 pc scale
Object M R NH2 nH2 ρ 4v
(M) (pc) (cm−2) (cm−3) (g cm−3) (km s−1)
MM1 3184 0.86 6·1022 2.3·104 1.1·10−19 1.1±0.2
MM2 3794 0.98 6·1022 1.9·104 0.9·10−19 1.1±0.3
MM3 1224 0.98 2·1022 0.6·104 0.3·10−19 0.8±0.2
Note. — The columns are the same as in table 1.
We aim at comparing and quantifying the main con-
stituents with various methods in this section. As the
derived parameters can be sensitive to the selected area
(see the discussion in section 4.2.6), we now consider two
different representative scales, namely the smaller core
area at a scale of 0.6 pc and the larger clump area at
a scale of 2 pc. The core areas of MM1, MM2, and
MM3, marked with contours in figure 2b and c, are de-
termined using the dendrogram analysis of the derived
gas column density NH2 , where NH2 is derived from the
dust continuum emission. See Peretto et al. 2019, (in
prep.) for details. The resulting basic parameters deter-
mined within these core areas are given in table 1. The
clump areas are defined as the map region of figure 2b for
MM3, and the map region in figure 2c with a cut in dec-
lination at 1◦25′10′′ in order to separate the MM1 and
MM2 clump areas. For the mass estimates at this larger
scale, we further apply a mask to the NH2 map follow-
ing the detection threshold of N2H
+ shown in figure 3,
so that the mass and velocity information are extracted
from the same region within this threshold. Table 2 lists
the basic parameters determined from these clump areas.
Unless specifically mentioned, the parameters shown in
table 1 and table 2 are used to derived the values in table
3 and 4. For both scales, magnetic field orientations with
a detection above 2σP are included in the analysis. The
impact of including or discarding data between 2σP and
3σP is addressed in section 4.2.6.
4.2.1. Turbulent-to-Mean Magnetic Field: Structure
Function Analysis
We calculate a polarization structure function of sec-
ond order (i.e., dispersion function) to derive the rela-
tive level of turbulence, following the technique by Hilde-
brand et al. (2009). By analyzing the trend in the scale-
dependent polarization dispersion, rather than the dis-
persion around a single mean value, this approach has
the advantage that it filters out contributions to the dis-
persion resulting from larger-scale systematic changes in
the field orientation. Separate structure functions are de-
rived for the MM1, MM2, and MM3 regions based on the
detected polarization orientations. We fit the dispersion
〈∆φ2B(l)〉1/2 over the smallest scales l where the measured
dispersion is given by Equation (3) in Hildebrand et al.
(2009) with 〈∆φ2B(l)〉 = b2 + m2l2 + σ2M, where σM are
the measurement uncertainties, and m and b are fitting
parameters. In particular, extrapolating to the smallest
measured scales with this fitting function leads to the in-
tercept b at the scale l ≡ 0 which provides a measure for
the turbulent-to-mean field strength (Hildebrand et al.
2009; Houde et al. 2009):√
〈B2t 〉
B0
=
b√
2− b2 . (1)
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TABLE 3
Parameters derived from the core area – 0.6 pc scale
Object
√
〈B2t 〉
B0
√
〈B2t 〉
B0 N
N 4φB B⊥ 〈ΣB〉 λobs αvir αB,vir PT PB uG Relative
(◦) (mG) (10−9 dyn/cm2) importance
MM1 0.20±0.03 0.98±0.22 25±13 18±2 0.49+0.11−0.09 0.55±0.04 1.1+0.3−0.2 0.5+0.1−0.1 1.1+0.4−0.3 13.6+2.6−2.4 14.3+7.2−4.8 45.1 G>B∼T
MM2 0.15±0.03 0.54±0.17 14±10 10±2 1.12+0.37−0.26 0.68±0.05 0.5+0.1−0.2 0.9+0.1−0.1 4.9+3.3−1.7 22.0+4.3−3.9 74.9+57.6−30.8 35.0 B≥G>T
MM3 0.32±0.03 1.06±0.46 13±11 20±5 0.16+0.07−0.05 0.66±0.05 0.9+0.4−0.3 0.9+0.3−0.2 2.1+1.4−0.8 1.7+0.4−0.3 1.5+1.7−0.8 2.3 G>T∼B
Note. — Columns are turbulent-to-mean magnetic field ratio (
√
〈B2t 〉/B0), turbulent-to-mean magnetic field ratio corrected for the number of
turbulent cells ((
√
〈B2t 〉/B0)N), number of turbulent cells within the beam (N), dispersion of the polarization position angles at the resolution scale
of 9.′′5 (4φB), B field strength in the plane of sky derived from the CF method (B⊥), magnetic field-to-gravity force ratio ΣB based on the intensity
gradient method averaged over the core area (〈ΣB〉), ratio of the observed mass-to-flux ratio and the critical mass-to-flux ratio (λobs), virial parameter
(αvir), virial parameter taking into account additional B field support (αB,vir), turbulent pressure (PT), B field pressure (PB), gravitational energy
density (uG), and the relative importance between gravity (G), B field (B), and turbulence (T). All the values are derived from the core area (marked
as contours in figure 2b,c) defined in the dendrogram analysis. All the values related to the line data are derived from data above 3σ. Note that the
polarization data above 2σP are all included for better statistics. Within the core areas of MM1 and MM2, most polarization data are above 3σP.
Uncertainties in 〈ΣB〉 are small due to the sample variance factor when averaging over the ensemble. Hence, they are larger for the core area than for
the clump area. In order to calculate uncertainties in (
√
〈B2t 〉/B0)N and N , the errors in PT and PB are symmetrized using the means of their absolute
values. Uncertainties for (
√
〈B2t 〉/B0)N are larger than for
√
〈B2t 〉/B0 because they depend on N which is calibrated against
√
PT/PB.
TABLE 4
Parameters derived from the clump area – 2 pc scale
Object
√
〈B2t 〉
B0
√
〈B2t 〉
B0 N
N 4φB B⊥ 〈ΣB〉 λobs αvir αB,vir PT PB uG Relative
(◦) (mG) (10−9 dyn/cm2) importance
MM1 0.21±0.02 0.59±0.18 9±6 17.3±0.8 0.19+0.05−0.04 0.42±0.02 1.2+0.3−0.2 0.4+0.1−0.2 0.9+0.5−0.3 2.0+0.8−0.7 5.7+3.5−2.1 7.7 G∼B>T
MM2 0.11±0.01 0.33±0.12 10±8 9.0±0.5 0.34+0.10−0.09 0.89±0.02 0.6+0.3−0.1 0.4+0.2−0.2 2.4+1.6−1.1 2.0+1.0−0.9 18.4+12.4−8.5 6.5 B>G>T
MM3 0.35±0.03 0.71±0.38 5±5 20±5 0.06+0.04−0.03 0.63±0.04 1.3+1.0−0.9 0.6+0.2−0.3 1.2+1.4−0.7 0.3+0.2−0.2 0.6+1.0−0.5 0.7 G∼B∼T
Note. — Columns are identical to table 3. Here, 〈ΣB〉 is the averaged value over the clump area.
We note that the above approach and the derived esti-
mates are only valid for the magnetic field component
projected on the plane of the sky. Figure 8 displays the
structure function analysis for our three regions at the
clump area of 2 pc scale. The column
√
〈B2t 〉/B0 in ta-
ble 3 and 4 lists the turbulence levels toward the MM1,
MM2, and MM3 regions at the two different scales. At
the clump area of 2 pc scale, for the MM1 and MM2 re-
gion we find a relative turbulence level of 0.21 and 0.11,
respectively. The MM3 region appears slightly more tur-
bulent, being 0.35. Similar values are found toward the
core areas of 0.6 pc scale.
We note three possible shortcomings in the above
derivation. Firstly, while the polarization coverage on
MM1/MM2 is excellent and very complete, MM3 is more
sparsely covered. This might leave some bias for the
MM3 result as a more complete coverage might am-
plify the turbulence level or reduce it to the level in
MM1/MM2. Secondly, the size of the binning intervals
in figure 8 can lead to changes of a few degrees in dis-
persion and a few percent in the ratio. We have adopted
the smallest scale to be the resolution of the SHARP ob-
servations while subsequent binning intervals are half of
that resolution, in order to have a finer binning for scales
that fall in between multiples of the resolution scale. The
corresponding plotted scales are the averaged scales of
the data points falling into each bin. Thirdly, the most
important uncertainty in the above derived turbulence
levels results from the a priori unknown number N of
turbulent cells within the beam of an observation. The
turbulence level scales with
√
N (Houde et al. 2009; Koch
et al. 2010), where N grows with the beam size. We will
further address and limit this uncertainty in section 4.2.4.
4.2.2. Local B field-to-Gravity Force Ratio:
Polarization-Intensity-Gradient Method
With the detected B field orientations and the as-
sociated dust continuum morphology, the polarization-
intensity gradient method provides an estimate of the lo-
cal field-to-gravity force ratio ΣB (Koch et al. 2012a,b).
In this technique, the MHD force equation is locally
solved – at every location where a polarization orienta-
tion is detected – by identifying the various force terms
with their corresponding directions on a map. The basic
assumption is that an observed mass distribution (mor-
phology) is the net result of the interaction of the various
forces and that an intensity gradient can be associated
with the direction of the inertial term in the MHD force
equation. The validity of this assumption is further an-
alyzed and demonstrated in Koch et al. (2013). The di-
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Fig. 9.— Left panels: derived turbulent pressure (PT), magnetic field pressure (PB) and gravitational energy density (uG) for the larger
clump scale (2 pc) and the smaller core scale (0.6 pc) for the three regions MM1, MM2, and MM3. Right panels: ratios among the three
constituents: uG/PT, PB/PT and uG/PB. While a systematic and very similar growth for all three constituents is seen from clump to core
scale in the left panels, the change in ratios over scale varies significantly for the three regions.
rection of the magnetic field tension force is orthogonal
to an observed plane-of-sky B-field orientation. The di-
rection of local gravity at a specific location is calculated
by summing up all the surrounding pixelized emission.
In the case of the MM1, MM2, and MM3 regions in G34,
this emission is dust continuum (i.e. the total intensity of
the continuum in Stokes I). In the polarization-intensity
gradient method, only the local direction of gravity is
needed but not its magnitude. It is, thus, sufficient to
observe the dust morphology assuming that this is a fair
approximation to the morphology (distribution) of the
total mass. Thermal pressure is negligible in these cores2.
The MHD force equation can then be solved geometri-
cally by identifying two measurable angles between the
above described orientations, namely the angle δ between
the gradient of the total intensity in Stokes I and the
magnetic field orientation and the angle ψ between the
intensity gradient and the direction of local gravity. This
yields an expression for the field-to-gravity force ratio ΣB
2 The temperature of the G34 filaments has been observed and
analyzed in Dirienzo et al. (2015), and the kinetic temperature of
MM1 and MM2 is about the same, being 25 -28 K, while it is
smaller toward MM3 (20 K). The contribution to the line broad-
ening will be about 0.2 km s−1, which is much smaller than the
observed dispersion (being 0.8 km s−1 or larger). The thermal
pressure remains negligible. While on average thermal pressure is
generally negligible, any significant local radiation pressure is not
included in our analysis.
(Koch et al. 2012a):
ΣB =
sinψ
sin(pi/2− δ) =
FB
FG
, (2)
where FB = B
2/(4piRB) and FG = |ρ∇φ| is the gravi-
tational force with the potential φ. When the density ρ
and the B field curvature RB can also be determined, this
technique leads to a map of B-field strengths. It needs
to be emphasized that the force ratio ΣB only relies on
measurable angles. This is possible because the interplay
of the various forces is encoded in the morphology (ge-
ometry and angles). Moreover, ΣB is minimally or not at
all affected by projection effects as it is the ratio of two
angles where uncertainties due to unknown line-of-sight
inclinations can cancel out or be reduced (Koch et al.
2012a).
Figure 7 shows the ΣB-map for the MM1/MM2 region,
and tables 3 and 4 give the average values of ΣB for the
respective core and clump regions of MM1, MM2, and
MM3. Similarly to the angle differences of the B-field and
velocity orientations (figure 6), these force ratios are not
random but appear in organized patterns with smooth
changes. Gravity dominates over the B field from east
and west in the peripheral zones, with the B field likely
channeling material from the outside towards the fila-
ment (local force ratio ΣB <1). The B field resists grav-
ity in between MM1 and MM2, and also at the southern
ends and in the centers of the two cores, where gravity
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has not yet been able to pull in the field (local force ra-
tio ΣB >1). The mean force ratio over the combined
MM1/MM2 clump region is 〈ΣB〉 ∼ 0.72. Highest values
are seen in MM2, 〈ΣB〉 ∼ 0.7 to 0.9 (see tables 3 and 4),
where also the largest B field strength is measured (see
section 4.2.3). In conclusion, gravity dominates over the
B field toward MM1 and MM2 on average, while some
specific locations show systematically larger values with
ΣB >1. While the B field is more aligned with the major
axis in the MM3 core, gravity also dominates this core
with a ratio 〈ΣB〉 ∼ 0.6 on both clump and core scale.
We stress that although the average ratios are smaller
than unity in all cores, there are clearly local zones with
ΣB > 1 where the B field is dominating over gravity
(see section 4.2.6 for a comparison with the mass-to-flux
ratio).
4.2.3. Magnetic Field Strength: Davis-Chandrasekhar-Fermi
Method
The absolute B field strength in the plane of sky, B⊥,
can be estimated from the Davis-Chandrasekhar-Fermi
(DCF) method (Davis 1951; Chandrasekhar & Fermi
1953). This technique is based on measuring and com-
paring turbulent gas motions with the resulting local dis-
persion in B field orientations. In this approach, large-
scale components in both the velocity and the B field
need to be removed in order to quantify the small-scale
turbulent components. More recent numerical investiga-
tions suggest that the method is more reliably used if
the dispersion in polarization angles is <∼25◦ (Ostriker
et al. 2001; Falceta-Gonc¸alves et al. 2008). Additionally,
a numerical correction factor on the order of unity is
commonly added to the original DCF derivation to take
into account inhomogeneities and line-of-sight averaging
resulting from the three-dimensional B field-turbulence
structures (e.g., Ostriker et al. (2001)). The DCF equa-
tion can then be written as (Crutcher 2004):
B⊥ = A
√
4piρ
4v
4φB , (3)
where ρ is the mass density, 4v is the turbulent velocity
dispersion, and 4φB is the dispersion in B field orienta-
tions. A is the numerical correction factor and is adopted
to be 0.5 (Ostriker et al. 2001).
The gas velocity dispersion 4v from Alve´nic gas mo-
tions is determined from the N2H
+ map (figure 3b). The
uncertainties of 4v only takes into account the disper-
sion of the values of 4v within the selected areas, where
the measurement uncertainties are not included. The
dispersion in the B field position angles, 4φB, is esti-
mated from the polarization structure functions (figure
8) adopting the smallest resolved scale around 10′′. We
note that working with the structure function, instead
of calculating a single overall dispersion value in orien-
tations, effectively separates large- scale from small-scale
changes in B field orientations. This allows for a more
accurate isolation of the turbulent dispersion without
mixing changes in field orientations that are driven by
the large-scale B field morphology. The resulting uncer-
tainties in the polarization dispersion are less than 1◦
and about 2◦ for MM1 and MM2 on the clump and core
scales, respectively, and they are about 5◦ for MM3 due
to its fewer measurements. The uncertainties (including
both 4φB and 4v) are propagated to the resulting B⊥
field strengths which are 0.19, 0.34, and 0.06 mG for the
MM1, MM2, and MM3 clump areas, and 0.49, 1.12, and
0.16 mG for their core areas (tables 3 and 4).
4.2.4. Turbulent and B Field Pressure, and Gravitational
Energy Density
The relative importance of turbulence, B field, and
gravity can also be estimated from either their pres-
sure terms or energy densities. We estimate the pressure
terms of B field and turbulence based on the quantities
derived in the previous subsections. The turbulent pres-
sure can be calculated from
PT =
3
2
ρ(4v)2, (4)
where ρ is the mass density and4v is the velocity disper-
sion along the line of sight. Here, the velocity dispersion
is assumed to be isotropic, leading to the above factor 3/2
for the total turbulent pressure. The magnetic pressure
term is calculated as
PB =
1
8
piB2total. (5)
As the measured B field from polarization (B⊥) is
only the projected value in the plane of sky, the total
B field strength (Btotal) is corrected for the statistical
mean value, where Btotal is 2·B⊥ (Crutcher 2004). The
gravitational energy density, uG is calculated from
uG =
9
20pi
·GM
2
R4
(6)
assuming spherical geometry. The derived PT, PB, and
uG are listed in the tables 3 and 4 for the clump and core
scale. Figure 9 shows the plots of the derived pressure
terms at both scales and the ratios.
We can now compare the pressure ratio between tur-
bulence and B field with the ratio of turbulent-to-mean
magnetic field strength from the polarization structure
function analysis in section 4.2.1, where the latter one
is solely based on the polarization orientations. The ap-
parent inconsistency between the numbers derived from
the two techniques can be explained by uncertainty in
the number of turbulent cells N , because the turbulent-
to-mean field ratio corrected for N scales as
√
N/2 · b,
where b is the intercept of the structure function at scale
0 (Houde et al. 2009; Koch et al. 2010), derived as in fig-
ure 8. Adopting the ratio PT/PB, we can now estimate
the number of turbulent cells in our beam by scaling√
〈B2t 〉1/2/B0 with N to match PT/PB. This yields N =
25, 14, and 13 for MM1, MM2, and MM3, respectively,
for the core-scale data. The number of turbulent cells
within the angular resolution is very similar for MM2
and MM3, and about twice larger in MM1. N for the
clump scale appears to be smaller but consistent with
the core-scale estimates within uncertainties. We note
that when converting from pressure to field strength, a
square-root operation is involved. Values of turbulent-
to-mean magnetic field strength ratios corrected for N
are also listed for both scales in table 3 and 4.
4.2.5. Mass-to-Flux Ratio and Virial Parameter
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The relative importance of the magnetic field with re-
spect to gravity can also be estimated by the mass-to-flux
ratio with respect to the critical mass-to-flux ratio,
λ ≡ (M/φ)obs
(M/φ)critical
= 7.6× 10−21 NH2
Btotal
, (7)
where NH2 is the gas column density in cm
−2, and Btotal
is the total B field strength in µG (Crutcher 2004) as
introduced in the previous sub-section, i.e. Btotal is esti-
mated from the DCF method (see section 4.2.3) with a
correction for the statistical mean value (Btotal = 2·B⊥).
The derived λobss (shown in table 3 and 4) of MM1 and
MM3 are all about 1 , suggesting super-critical, on both
the core-scale and the clump-scale. MM2 is slightly sub-
critical (∼0.5) on both scales, which is consistent with
the estimate from the pressure and energy density terms
(section 4.2.4). We note that this segregation between
MM1/MM3 and MM2 is also consistently seen in ΣB
which shows the largest values for MM2 on both scales
(large values in ΣB – field-to-gravity force ratio – are
equivalent to small values in λobs – mass-to-flux ratio).
The fact that the averaged ΣB remains smaller than one
for MM2 on both the core-scale and the clump-scale is
due to the large number of positions with very low ΣB
values in the averaging process. It is, however, evident
from figure 7 that MM2 displays systematic locations
where ΣB is clearly larger than one.
The relative importance of the kinetic support against
gravity can be estimated using the virial parameter,
αvir ≡ 5R
GM
· (4v)2, (8)
where R, M , 4v and G are radius, mass, velocity dis-
persion and gravitational constant, respectively. It has
been suggested that the critical αvir is ∼ ∼ 2 for non-
magnetized clouds (Kauffmann et al. 2013). Our de-
rived αvir are all smaller than 2, suggesting that these
three cores are super-critical if there is no other support-
ing mechanism. When taking into account the B field,
the αvir,B can be calculated following Bertoldi & McKee
(1992); Pillai et al. (2011) via
αvir,B =
5R
GM
· (4v2 + σ
2
A
6
), (9)
where σA is the Alfve´n velocity for a given magnetic field
strength, calculated as σA = B/
√
4piρ. Here, B is the to-
tal B field strength estimated in section 4.2.3, and ρ is
the mass density. After taking into account the B field
contribution, the virial parameter αvir,B is about 5 for
the core scale and larger than 2 for the clump scale to-
ward MM2, suggesting that the B field can significantly
help to support the MM2 region from collapsing on both
scales. This is consistent with the estimate and trend
for λobs in the previous paragraph where the MM2 re-
gion revealed the smallest values, clearly smaller than
one, compared to the other regions that displayed larger
values around or above one. We note that the uncertain-
ties in both αvir,B and λobs are non-negligible, but the
three regions nevertheless reveal differences and trends
that still remain in the presence of these uncertainties.
4.2.6. Robustness and Uncertainties
A main challenge in computing parameters for the var-
ious approaches, comparing them and controlling uncer-
tainties (tables 3 and 4), are the intrinsic differences in
how these parameters are derived. The mass M is an
integrated quantity based on a dendrogram which defines
a region with a radius R for the core scale, for example.
The magnetic field dispersion4φB and the field strength
B are statistical quantities, derived from a selected en-
semble, where single local values for 4φB and B are not
defined. The force ratio ΣB is an averaged quantity, de-
termined over a selected ensemble of individual ΣB val-
ues, where each value is locally defined. This means that
selecting an area where a quantity is evaluated can al-
ready lead to different estimates. This could lead to a
systematic uncertainty, due to the selected area, which
is not accounted for in the statistical error estimates. We
have attempted to control this possible systematic uncer-
tainty by evaluating quantities both on a ”core”scale and
on a ”clump” scale (see the second paragraph of section
4.2 for the definition), whenever the data and technique
allowed for this. In the following we discuss various un-
certainties and their possible impact on our estimate of
the relative significance between B-field, turbulence, and
gravity.
Selected area. Table 3 and 4 illustrate our findings
for the core scale – including only data limited to the
core regions as extracted from the dendrogram analysis
(marked as contours in figure 2b and c) – and for the
larger clump scale – including all the available data over
the map sizes of figure 2b and c where the observations
yielded detections. We note that for the large-scale anal-
ysis, the separation between MM1 and MM2 is taken to
be the middle in between their peaks at a declination of
1◦25′10′′. For the polarization detections, while for MM3
the number of data points for clump and core scale is al-
most identical, for both MM1 and MM2 the limitation to
the core area substantially reduces the data points. Con-
sequently, there is no measurable difference in the mean
value of the B-field dispersion ∆φB in MM3 from clump
to core scale. For both MM1 and MM2 the change in
∆φB is within 1
◦. However, the statistical uncertainty,
driven by the sample size of any of these statistical quan-
tities, increases from about ±0.5◦ to ±2.0◦ for both MM1
and MM2 from large to core scale. For MM3, this un-
certainty is equally large on either scale with ±5.0◦. For
the turbulent-to-mean field ratio
√
〈B2t 〉1/2/B0, derived
from the fitted intercept in figure 8, the choice of clump
or core area leads to differences of 1%, 4%, and 3% for
MM1, MM2, and MM3 with statistical uncertainties be-
tween 1% and 3%. Given the mean values in this ratio
(around 10% to 35%), these uncertainties are a priori
not immediately negligible, but noting that the ratio is
clearly smaller than one, they do not alter that result.
It is also worth noticing that for any of these quanti-
ties, their relative order for the three cores seems to be
unchanged when moving from clump to core area, e.g.,
the field dispersion ∆φB is smallest in MM2, followed
by MM1 and then MM3, and this is seen both for the
large area as well as for the limited core area. This indi-
cates that our derived estimates related to polarization
are robust with respect to the size of the selected area.
Unlike the above polarization-only numbers, parame-
ters that are derived from a combination of polarization
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and molecular line measurements tend to show clear no-
ticeable differences between the clump and core area (ta-
bles 3 and 4). The plane-of-sky B field strength B⊥ grows
by about a factor of three from clump to core scale, while
the difference in strengths among the three regions can
be up to about a factor of six. Similarly, magnetic field
and turbulent pressure (PB, PT), and gravitational en-
ergy density (uG) show a clear increase towards smaller
scale by a factor up to about 10 (left panels, figure 9). It
is worth noting that for any of these quantities, their rel-
ative ordering among the three regions MM1, MM2, and
MM3 seems to be unchanged for both the larger clump
and the smaller core region (e.g., the field strength is
largest in MM2 and smallest in MM3 with MM1 in be-
tween, for both the clump and core scale). This provides
additional evidence for the robustness of our results, in-
dicating that relative trends can still be captured in the
presence of uncertainties and possibly biased selection of
areas. Nevertheless, it is central to notice that the change
in ratios over scale among the various constituents seems
to hold the key for understanding how fragmentation pro-
ceeds on a next smaller scale (right panels in figure 9;
section 4.3).
The two independently derived parameters dealing
with gravity versus magnetic field – the mass-to-flux ra-
tion λobs and the field-to-gravitational force ratio ΣB –
show consistent results, i.e., a relative increase in λobs
is reflected by a relative drop in ΣB. This consistent
trend is worth noting because λobs is calculated from
Btotal which is corrected with a statistical factor of two
for the unknown field orientation with respect to the line
of sight while no correction is needed for ΣB (see below).
Changes between the two scales are rather small for both
parameters. All regions with λobs larger than one show
values in ΣB that are smaller than one. The smaller-
than-one values (∼ 0.5) in λobs for MM2 are correctly
reflected by the largest ΣB values (∼ 0.7−0.9). The fact
that the latter one is not larger than one is because ΣB
is averaged over local ΣB values where many are small.
Figure 7 demonstrates that ΣB clearly identifies locations
with ΣB > 1.
Both virial parameters, αvir and αB,vir, grow from
clump to core scale for all three regions. In this case,
the selected area can be crucial as some of the values fall
above or below the critical virial threshold depending on
the selected area.
Inclusion of polarization data in the range of 2 to 3σP.
We have probed the impact of including data in the range
between 2 to 3σP as compared to only working with data
above 3σP. For the clump areas in MM1 and MM2, in-
cluding only data above 3σP leads to a field dispersion
∆φB reduced by 3
◦ and 1◦, respectively. The magnetic
field strengths B⊥ consequently increases by 0.1 and 0.2
mG for MM1 and MM2, respectively. The turbulent-
to-mean field estimates drop by 4% and 2%. Statistical
uncertainties remain almost identical to the full data sets
because the ensembles of data points are still large. Both
core areas in MM1 and MM2 contain mostly data above
3σP. In MM3, only five detections are above 3σP which
does not allow for a meaningful statistical analysis. It is
important again to note that – similar to the above dis-
cussed impact of the chosen area – both including and
discarding the 2 to 3σP polarization data seems to pre-
serve the relative importance among the three cores for
all quantities.
Unknown orientation of the magnetic field with respect
to the line of sight. The magnetic field-to-gravity force
ratio ΣB is minimally or not at all affected by the un-
known inclination of a magnetic field orientation. This
is because ΣB is the ratio of two angles, where both an-
gles are affected by an inclination correction (Koch et al.
2012a). For the total B field strength when using the
DCF method, as we only probe the plane-of-sky B field
(B⊥), we have adopted a factor of 2, Btotal = 2 ·B⊥, for
a statistical correction that assumes a large number of
clouds with B field orientations randomly uniformly ori-
ented with respect to the line of sight (Crutcher 2004).
This statistical correction with a factor of 2 effectively
corresponds to a field orientation of 60◦ with respect
to the plane of sky. The Btotal for a single given ob-
ject, looking at the range of possible orientations, can
be about 1 to 3 times the value of B⊥ depending on the
actual inclination of the magnetic field. This remaining
unknown beyond the statistical factor of 2 correction can
cause an additional systematic uncertainty.
Cautionary note. Our comparison of evaluating quan-
tities on a clump area or limited core area and the com-
parison of discarding or including the 2-to-3σP polariza-
tion data reveals some systematic differences that result
from these possible selection effects. These differences
are found to be small for the polarization-related quan-
tities, preserving the relative trends in the estimates for
the three cores MM1, MM2, and MM3. While these
findings provide good evidence for the robustness of our
joint analysis, they nevertheless also point at possible
subtleties. How significantly the above discussed uncer-
tainties can impact final results, will ultimately depend
on the exact B-field morphology in a source. From the
numbers presented in the tables 3 and 4 it is evident that
a single parameter extracted from a single isolated area
is only of limited use and any conclusion for an entire
region or source based on such a single parameter can be
very misleading. It is only the comparison among both
the different parameters as well as their development over
scales that can properly assess the roles of gravity, mag-
netic field, and turbulence in the core formation and its
subsequent fragmentation process.
4.3. Zooming in onto Smaller Scales
4.3.1. Different Types of Fragmentation and Gravity –
B-field – Turbulence Interplay
In the previous sections we have presented observa-
tional facts that characterize the region from the outer fil-
amentary zones to the inner clump/core regions, namely
(1) a mostly uniform large-scale B field perpendicular to
the filament is observed towards MM1 and MM2, while
a bending B field is seen closely aligning with the MM3
major axis; (2) the velocity gradients are closely aligned
with the B field toward MM1 and MM2, while they show
systematically larger misalignements in MM3; (3) differ-
ent values in the dispersion of the B field orientations
are observed, being smallest in MM2, more than twice
as large in MM3, and intermediate in MM1. Addition-
ally, estimating the magnetic field (B), turbulence (T),
and gravity (G) with various techniques has led us to
conclude that G > B ∼ T in MM1, B ≥ G > T in
MM2, and G > T ∼ B in MM3 on the 0.6 pc core scale.
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Fig. 10.— Schematic illustration of the change of the relative
significance between uG, PB, and PT from the 2 pc clump scale
(upper panels) to the 0.6 pc core scale (lower panels) for MM1,
MM2, and MM3. White segments indicate B field orientations.
The bars represent the relative significance between uG (dark grey),
PB (red), and PT (light grey), arbitrarily normalized to one, as
taken from the Tables 3 and 4 ignoring their uncertainties. See
figure 9 for the uncertainties. The different types of fragmentation
(MM1: no fragmentation; MM2: aligned fragmentation; MM3:
clustered fragmentation) are suggested to be the result of a different
relative importance among the three constituents gravity, B field,
and turbulence. This relative importance additionaly seems to
evolve differently from the clump to the core scale (figure 9).
This relative importance among B, T, and G has evolved
from and changed with respect to the larger 2 pc clump
scale (tables 3, 4) – at the clump scale, B is dominant
in MM2, while G, B and T appear to be comparable to
each other in MM3, and G and B are about similar in
MM1. Moreover, this change has developed differently
for the three cores MM1, MM2, and MM3, as we argue
in the paragraphs below (see also figure 9).
Are these clump-scale and core-scale observational
clues and estimates holding the key to predicting or ex-
plaining fragmentation on the next smaller scale? Obser-
vations with the SMA (Zhang et al. 2014) and CARMA
(Hull et al. 2014) have already resolved smaller-scale fea-
tures in the MM1, MM2, and MM3 cores in G34. We
propose that three different types of fragmentation are
present (panels d, e, f in figure 2): (i) clustered fragmen-
tation in MM3 with B field orientations differing by up to
90◦ (though coverage is incomplete) and fragments being
distributed and scattered around in the original clump
volume. – Qualitatively, this is expected to happen only
if the B field is not dominant, such that turbulence can
lead to scattered small seeds that can locally collapse; (ii)
aligned fragmentation in MM2 with B-field orientations
remaining parallel to the larger-scale field and fragments
lining up along a direction that is approximately per-
pendicular to the magnetic field orientation. – Qualita-
tively, this occurs only for a strong B field that dominates
over turbulence and where local collapse mostly happens
along field lines; (iii) no fragmentation in MM1 with field
orientations displaying systematic deviations and bend-
ing in the north that is likely due to a gravity-driven
dragged-in motion, preserving one single intact core. –
Qualitatively, this is possible if gravity dominates over
both B field and turbulence enabling a global collapse.
4.3.2. Change in Relative Significance over Scale: Subtle
Balance among Gravity, B field, and Turbulence
It is instructive to look at the ratios between the grav-
itational energy density uG and the magnetic and turbu-
lent pressure PB and PT (figure 9, extracted from tables
3 and 4) to more quantitatively understand the above
proposed fragmentation scenario. We first note that uG,
PB, and PT clearly grow from the larger 2 pc clump to
the smaller 0.6 pc core scale, as can be seen in the three
left panels of the figure. This is not surprising as such
because uG obviously grows towards denser regions, the
field strength and hence PB grows with density if flux-
freezing is valid, and PT scales with the obviously grow-
ing density while the velocity dispersions are measured
to change only little. It is, nevertheless, remarkable that
each one of the three quantities shows a very similar in-
crease (i.e., slope) in each of the three regions MM1,
MM2, and MM3 (see the 9 curves in the three left pan-
els in figure 9.) With such similar trends from clump to
core scale, can we tell why fragmentation still develops so
differently? For this purpose, turn now to the ratios be-
tween the quantities, i.e., the three right panels in figure
9. Now we can see variations in slope among the 9 curves
shown, thereby exploring more subtle effects. While not
all of these variations are larger than the associated un-
certainties, some intriguing correlations are seen. For
example, the MM1 region, that shows no fragmentation,
has the highest uG/PT and the highest uG/PB, espe-
cially at the core scale. The MM2 region, that shows
aligned fragmentation with fragments running along a
line perpendicular to the B-field at 2 pc scale, has con-
sistently higher PB/PT and consistently lower uG/PB, as
compared to the other regions, with all regions showing
a decrease in PB/PT in moving from the clump scale to
the core scale. Accordingly, we propose that it may be
the change in the relative significance among the three
constituents gravity, B-field, and turbulence from clump
to core scale that sets the initial conditions for fragmen-
tation. I.e., since the overall evolution of each of uG,
PB, and PT is similar, we suggest that the resulting dif-
ferences in fragmentation type among the three regions
might actually be the consequence of a rather subtle bal-
ance among these three ingredients, as illustrated in fig-
ure 10.
5. CONCLUSION
We present the results of the dust polarization obser-
vations at 350µm toward the infrared dark cloud G34.43
and the analysis on the correlation between the local ve-
locity gradient and the local B field. We find a close
alignment between local B field orientations and local ve-
locity gradients toward the MM1/MM2 ridge, suggesting
gas motions are influenced by the magnetic field mor-
phology or vice versa. We apply and compare various
techniques available in the literature to estimate the B
field strength and the relative importance between grav-
ity (G), magnetic field (B) and turbulence (T). While
the different techniques essentially lead to consistent re-
sults (summarized with the last column in table 3 and 4),
solely focusing on one technique might lead to an incom-
plete or less clear picture about the relative importance
between gravity, magnetic field, and turbulence. We note
important advantages, shortcomings, and differences in
section 4.2. As the derived parameters can be sensitive
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to the selected area (see the discussion in section 4.2.6),
we consider two different representative scales, namely
the smaller core area at a scale of 0.6 pc and the larger
clump area at a scale of 2 pc.
We find that G > B ∼ T in MM1, B ≥ G > T in
MM2, and G > T ∼ B in MM3 on the 0.6 pc core
scale. This relative importance seems to have evolved
from and changed with respect to the larger 2 pc clump
scale (tables 3 and 4, figure 9). We further look at the
ratios between the gravitational energy density uG and
the magnetic and turbulent pressure PB and PT (figure
9) to more quantitatively understand the different frag-
mentation scenarios at 0.1 pc scale shown in figure 2d,e,f
(section 4.3). The estimated uG, PB, and PT clearly grow
from the larger 2 pc clump to the smaller 0.6 pc core scale
with a similar trend. Interestingly, we find that the ratios
among them (right panels in figure 9) show clear differ-
ences for the MM1, MM2, and MM3 regions, although
the uncertainties of the derived uG, PB and PT are non-
negligible. We propose that it might be the change in the
relative significance among the three constituents grav-
ity, B field, and turbulence from clump to core scale that
sets the initial conditions for fragmentation.
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